Abstract
Introduction
Ž . Glycosylphosphatidylinositol GPI -anchored proteins are widely distributed over eukaryotic cells w x 1,2 , and their presence in archaebacteria was rew x cently demonstrated 3 . Precursor polypeptides of the Abbreviations: DAF, decay-accelerating factor; GPI, glycosylphosphatidylinositol; PI-PLC, phosphatidylinositol-specific phospholipase C ) Ž . Ž . Corresponding author. Fax: q81 52 834-9309. E-mail: ikezawa@phar.nagoya-cu.ac.jp Ž . GPI-anchored proteins prepro-protein have signal peptides at its N-and C-termini. The N-terminal signal peptide for secretion is removed from the nascent polypeptide and the resulting pro-protein is transferred into the luminal side of the endoplasmic reticulum. The C-terminal signal peptide for GPI modification ends by a short stretch of hydrophobic region, and the pro-protein binds to the luminal membrane by that region. However, the pro-protein is modified immediately with GPI moiety by a putative GPI transamidase. Systematic deletion of the Cterminal hydrophobic region demonstrated the re-0005-2736r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
Ž . PII S0005-2736 97 00084-9 ( ) Table 1 The amino acid sequences of the C-terminal signal peptides of the GPI-anchored protein precursors quirement of length and hydrophobicity of the region w x for GPI modification 4-6 . The C-terminal amino acid residue of mature polypeptide covalently bound to GPI moiety is called the v-site which is followed by the residues named v q 1, v q 2 and so on w x toward the C-terminus 7 . The transamidase cleaves the peptide bond of pro-protein at the C-terminal side of the v-residue, transferring this terminal carboxyl to the amino group of ethanolamine in GPI. The C-terminal signal peptide includes a hydrophilic spacer sequence between the v-site and the hy-Ž . drophobic region Table 1 . Although the hydrophilic spacers are various in length and no obvious consensus is observed among their sequences, it is well known that the types of amino acid residues at the vw x and v q 2-sites are restricted 7-10 . Mutational Ž . w x analysis of decay-accelerating factor DAF 11 and w x artificial spacer of CD46 12 suggested that 9-12 amino acid residues were required as the spacer for GPI modification. On the other hand, almost a half of precursor proteins have a hydrophilic spacer sequence whose length is less than nine amino acid residues, as shown in Table 1 . Thus the modification depends not simply on the number of residues in the sequence.
X Ž X 5 -Nucleotidase 5 -ribonucleotide phosphohydro-. lase, EC 3.1.3.5 is a GPI-anchored protein which has been shown to be an ectoenzyme present in a wide w x variety of eukaryotic cells 13 . Cloning and sequencing of the cDNAs coding for the enzyme was previously reported and the enzyme was expressed as a GPI-modified form on the cell surface of COS-1 w x transfected with the cDNA 14 . More than half of the cDNA product was released from cell surface by Ž phosphatidylinositol-specific phospholipase C PI-. PLC , which is common feature of GPI-anchored w x proteins 15,16 . We have also reported the v-site of bovine 5 X -nucleotidase is Ser 523 by analysis of GPIw x linked C-terminal polypeptide 17 . Therefore, the enzyme is suitable to investigate the role of spacer sequence for GPI modification, in that the protein has a relatively short, 8 residues of spacer sequence. In this report, we constructed a series of deletion and elongation mutants of the spacer sequence of 5 X -nucleotidase and examined the effects of the mutations on GPI modification.
Materials and methods

Materials
Plasmid pSVNT is a derivative of pSVL into which the wild-type cDNA of bovine liver 5 X -nucleow x tidase was inserted 14 . M13-mp18 was used as a vector for mutagenesis.
. dam-and TG1 were used for DNA technology. Ž Phosphatidylinositol-specific phospholipase C PI-. PLC was purified from the culture broth of Bacillus w x X thuringiensis as described 18 . Adenosine-5 -mono-Ž . phosphate AMP was used as a substrate for assay of the 5 X -nucleotidase activity. X -AAGAAATATCAAAGAAAAr AGAAAACTG-X Ž GAT-CCGACC-3 complementary to the coding se-. Ž . quence of 518G-534L for mutant D 524-531 . The fusion point of deletion in each oligonucleotide was Ž . denoted by slash. For example, D 530-531 denotes the deletion mutant lacking the two residues of 530G and 531S in the hydrophilic spacer. Silent mutation Ž destroying the SspI site by change of T to C under-. lined was also introduced to aid for screening of mutants. To construct the mutant cDNA clones, the mutated DNA fragments were cut out with EcoO65I and BclI digestion, and exchanged for the corresponding fragment of pSVNT.
Construction of the deletion mutant genes
Construction of the elongation mutant genes
Stepwise Ala insertion after Ser 531 , the end of spacer sequence of the C-terminal signal, was performed by oligonucleotide-mediated PCR mutagenesis using M13-NTC as a template. The mutagenic, forward and reverse primers designed to insert 2, 4, 6, 7, 8 and 9 Ala residues after Ser 531 , respectively, were as follows: forward 5 X primer for mutant 531A9. Nucleotide sequence corresponding to Ala insertions were denoted with small-letters. Silent mutation by Ž . change of T to C underlined destroyed the SspI site in order to aid screening of mutants. 531AX means Ž . the mutant gene inserted a definite number s X of Ala residues after Ser 531 . The mutated PCR fragments were exchanged for the corresponding restriction fragment of pSVNT as described above.
Cell culture and DNA transfection
COS-7 cells, a transformed cell line of African green monkey kidney cells, were cultured in Dul-Ž becco's modified Eagle's medium Flow Laborato-. Ž ries supplemented with 10% fetal calf serum BIO-. Whittaker, Maryland, USA . Transfection of the mutant genes was carried out in the dishes or the flasks w x Ž using cationic liposome-mediated method 22 Lipo-. fectAMINE Reagent with serum-free medium Ž OPTI-MEM I Reduced Serum Medium, Gibco Life . Technologies, Inc. Grand Island, NY, USA , according to the manufacturer's protocol. 
PI-PLC treatment of cells
. Transfected cells 1 = 10 cells were incubated with 1 Urml of PI-PLC for 60 min at 378C. After PI-PLC treatment, the reaction mixture was centrifuged at 19 000 = g for 60 min at 48C. Then the enzyme activities released into the supernatant and retained on the cells were determined.
Northern blot analysis of 5 X -nucleotidase mRNA in transfected cells
Total RNA was extracted with guanidium thiocyanate followed by centrifugation in lithium chlo- . plc, UK , according to the manufacturer's protocol.
Results
As shown in Table 2 , the C-terminal signal of bovine 5
X -nucleotidase comprises a hydrophilic spacer Ž . sequence 8 amino acid residues and the following Ž hydrophobic amino acid stretch 17 amino acid
. w x residues 4 . In order to understand how the hydrophilic spacer is responsible for attachment of GPI Ž 523 . to the v-site Ser , a series of mutations within the spacer were introduced by oligonucleotide-mediated site-directed mutagenesis. 
548 . Amino acid sequences of the C-terminal regions of 5 -nucleotidase Gln -Gln and the deletion mutants are shown in single-letter Ž 523 . codes, and the v-residue Ser is underlined.
( )Ž . mutant D 524-548 which completely lost its downstream sequence of the v-site, was secreted into the Ž . w x culture medium denoted formerly as 523S 4 .
GPI modification of the protein was evaluated by measuring the cell surface-bound and the PI-PLC-released 5
X -nucleotidase activities in COS-7 cells transfected with the wild-type and mutants cDNAs. Transient expression of 5 X -nucleotidase on the cell surface was measured at 48 h after transfection as described in Section 2: Materials and methods. The expressed activities associated with intact COS-7 cells were shown in Table 3 . COS-7 cells also expressed an endogenous 5 X -nucleotidase activity as a GPIanchored form encoded by the chromosomal gene w x 26 and the activity was taken into account as a basal control. The surface-associated activity of cells transfected with wild-type plasmid, pSVNT, was elevated about three times higher than those of controls. Gene Ž . product of the mutant D 530-531 was also expressed on the cell surface, where the enzyme activity was about one-third that of the wild-type transfectant. In both cases, significant amounts of the enzyme Ž . activities were released by PI-PLC Table 3 , showing that the products were anchored via GPI.
On the other hand, the enzyme activities on the cells transfected with mutant genes deleted more than four residues, were not increased significantly, but comparable, with those of controls. Northern blot analysis of RNA isolated from the mutant-transfected cells did not show any difference in the transcriptional level from that of pSVNT-transfectant. Therefore, such low activities were not due to the low Ž efficiency in transcription of the mutant cDNAs data . not shown . The result suggests that the GPI-anchoring of the 5 X -nucleotidase needs more than 6 amino acid residues in the hydrophilic spacer sequence. The mutant gene products which have less than 4 residues of spacer sequence, were not able to be modified with GPI nor to be expressed on the cell surface. Therefore, we measured the enzyme activities in the cell homogenates and the culture media to locate the products by the mutant genes. As shown in Table 3 , Ž . homogenates of the wild-type-and D 530-531 -transfected cells contained significant enzyme activities. Homogenates of transfectants with mutant cDNAs deleted more than 4 residues; however, they exhibited the activities on a level with controls. The enzyme activities in the culture media of the cells transfected by wild-type and mutant genes were of Ž . the basal level, while the activity of the D 524-548 , a secretion mutant, was about 2.5 times higher than those of controls. The gene products lacking more than 4 residues of the spacer sequence may be degraded intracellularly. The transfected cells were incubated with PI-PLC at 378C for 1 h, and 5 X -nucleotidase activities released into the reaction supernatant and retained on the cell surface were determined. Also, 5
X -nucleotidase activities in the homogenates and the media were determined. n.d., not determined. a Significantly different from the control value at P -0.01. 
548 . Amino acid sequences of the C-terminal regions of 5 -nucleotidase Gln -Gln and the elongation mutants are shown in single-letter Ž 523 . codes, and the v-residue Ser is underlined.
The effect of elongation of the spacer sequence for GPI modification
Six elongation mutants denoted as 531A2, 531A4, 531A6, 531A7, 531A8 and 531A9, were inserted 2, 4, 6, 7, 8 and 9 residues of Ala after Ser 531 , respec-Ž . tively Table 4 . Expression levels of 531A2, 531A8 and 531A9 gene products were comparable with that of wild-type. The cells transfected with 531A4, 531A6 and 531A7 mutant genes also expressed significant cell-surface enzyme activities, which were partially suppressed by 30, 50 and 20% that of wild-type, respectively.
To detect the mutant gene products which failed to be expressed on the cell surface, the enzyme activities of the culture media and the cell homogenates Table 5  5 X -Nucleotidase activities in the transfectants of the wild-type and elongation mutants and their release from the cell surface by PI-PLC 
The transfected cells were incubated with PI-PLC at 378C for 1 h, and 5 X -nucleotidase activities released into the reaction supernatant and retained on the cell surface were determined. Also, 5
X -nucleotidase activities in the homogenates and the media were determined. n.d., not determined. a Significantly different from the control value at P -0.01.
( )were measured. Significant amounts of the enzyme activities were observed in the cell homogenate from Ž the wild-type and all of the elongated mutants Table  . 5 . On the contrary, enzyme activities secreted into the culture media of these cells remained at the basal level, while the considerable enzyme activity of the Ž . Ž D524-548 was secreted. Due to delay in the step of concentrating this enzyme, the secreted enzyme activity of this mutant in Table 3 became much lower than in Table 5 , although the transcription levels of X . 5 -nucleotidase mRNA were almost comparable. Expression of the gene products which have 12-15 residues of spacer sequence, 531A4-7, were also suppressed in the cell homogenates. By Northern blot analysis, however, appreciable difference was not detected in the transcriptional level among the wildtype and mutant gene transfectants.
To confirm the GPI anchoring of the enzyme expressed on the cell surface, transfected cells were incubated with PI-PLC, and the enzyme activities released into the supernatant were determined. In every case, significant amounts of the enzyme activi-Ž . ties were released by PI-PLC Table 5 , showing that the products derived from transfected cDNAs were anchored via GPI. The results implicated that decreased efficiency of GPI modification occurred on the pro-proteins of mutant 531A4, 531A6 and 531A7, and the pro-proteins failed to be GPI modified were degraded immediately.
From the above experiments, the relationship be- Fig. 1 . Relationship between GPI modification and number of residues of the spacer sequence. The relative activities expressed on the cell surface of transfectants, were plotted against number of residues of the spacer sequence. The activity of wild-type transfectant is indicated as 100%.
tween GPI modification and length of the spacer Ž . number of amino acid residues can be summarized in Fig. 1. 
Discussion
Amino acid compositions and sequences of Cterminal signal peptides usually vary with the precursor proteins. Sequences of the C-terminal signal peptides of GPI-anchored proteins were aligned in Table  1 , according to the length of hydrophilic spacer sequences. Span of the hydrophilic spacer ranges between 4 and 17 and that of the bovine liver 5 X -nucleotidase is 8.
To determine the minimum length of spacer sequence more precisely, we trimmed the spacer sequence by two amino acid units from the junction of the spacer with hydrophobic region toward the Nterminus and examined their expression in COS Ž . transfectant Table 2 . By deletion of the last two residues of the spacer, a significant amount of the enzyme activity was still expressed, and the activity Ž was released from the cell surface by PI-PLC Table  . 3 . The gene products which have less than 6 residues of the spacer were not expressed on the cell surface. Thus it follows that more than 6 residues of hydrophilic spacer are required for GPI anchoring of the 5 X -nucleotidase. The result is not consistent with those w x w x of DAF 11 and CD46 12 .
The gene products exhibiting lowered expression Ž . Ž . on the cell surface, D 528-531 , D 526-531 and Ž . D524-531 , were not detected in the cell homogenates and the culture media. This suggested that the gene products were not present in the active form of 5 X -nucleotidase. Moran and Caras demonstrated that incomplete pro-proteins not modified with GPI, missing to be a substrate of the transamidase, were accumulated in a sorting compartment between the w x endoplasmic reticulum and the medial Golgi 27 . In the mutants of bovine 5 X -nucleotidase, the precursor proteins failed to accept GPI moiety were so unstable that these proteins may be degraded immediately by intrinsic proteases.
Since both GPI and the pro-proteins bind to luminal membrane of the endoplasmic reticulum, transamidase may also act on the luminal side. The first three-dimensional structure of transamidase was ( )resolved by X-ray crystallography of bacterial peni-Ž . w x cillin-binding protein 2x PBP2x 28 . The enzyme digests a terminal peptide bond of a peptidoglycan to form an acyl-enzyme intermediate, and then transfers the acyl moiety to an amino group of adjacent acceptor peptide. In the active-site pocket of the enzyme, the binding site of the peptidoglycan lies very close to that of the acceptor peptide. Mode of reaction of the putative GPI transamidase seems to be similar to that of PBP2x. The acyl-enzyme intermediate of the GPI transamidase with pro-protein was also reported and the acyl moiety of this intermediate w x would be transferred to GPI 29 . Hypothetical mechanism of GPI modification was schematically represented in Fig. 2 . The pro-protein, a substrate of GPI transamidase, must bind to the active-site pocket of the enzyme which is proximate to the binding pocket Ž . of GPI Fig. 2 . The spacial arrangement of the terminal amino group of GPI would be restricted, because the diradyl moiety of GPI is buried in the luminal membrane. Spacial relationship of the v-site with the hydrophobic region of pro-protein may be conserved among various pro-proteins. Binding face of the pro-protein to the enzyme is assumed to be the v-and v q 2-residues because of their restriction for GPI modification. Therefore, the spacer sequence ( )may play a role in arranging the v-and v q 2-residues for correct binding to the active site of the GPI transamidase. By deletion of the spacer sequence, the gene products anchored by GPI were reduced. On the contrary, transfectant of mutant 531A2 which had 10 residues of spacer sequence expressed the comparable amount of 5 X -nucleotidase activity with that of wild-type having 8 residues of spacer sequence. Thus, the spacer length of 8-10 residues is suitable for GPI modification, as shown in Fig. 1 . The number of residues of the wild-type spacer sequence, 8, may suffice requirement to keep the most efficient GPI modification.
Although the transfectants of 531A4, 531A6 and 531A7 were partially suppressed in the 5 X -nucleotidase activity, those of 531A8 and 531A9 having more than 16 residues of spacer sequences expressed cell-surface activity comparable with that of wildtype. The modification with GPI may occur at the Ž .
523
alternative residue s located downstream of Ser , resulting in optimization of the length of spacer sequences. For example, if Ser 531 of 531A8 mutant became a v-residue, the length of spacer sequence would be 8 and the v-and v q 2-residues would be Ser and Ala, respectively, being compatible to 'the v and v q 2 rule'. The alteration of GPI-modified site Ž . was reported in folate receptor FR by Yan and w x Ratnam 30 . In the FR mutant having altered v-residue, the enzyme activity was expressed only 20% that activity of wild-type, due to insufficient length of spacer sequence. The amino acid sequence of the spacer of bovine 5 X -nucleotidase is AGSHCCGS, and combinations of His and Cys as well as Cys and Ser w x are not suitable for the v-and v q 2-residue 9 . In this sequence, GPI modification of the gene products of 531A4 and 531A6 were partially suppressed since His and Cys were not acceptable for a v-residue to regulate the length of spacer sequence. Thus, the v-residue of these mutants may be Ser 523 and suppression of GPI modification was caused by the mutations. On the contrary, partial restoration of the suppression observed in 531A7 probably resulted from partial alteration of the v-residue.
By deletion of more than 4 residues of the spacer, complete suppression of the GPI modification was observed. On the other hand, elongation of the spacer up to 6 residues resulted in partial reduction of Ž . anchor modification Fig. 1 , suggesting that elongation of the spacer is more permissible than deletion. In all of these elongation mutants, the spacer sequences enabled the v-residue to enter into the active-site pocket because of its flexibility. Since the natural pro-proteins whose spacer sequences range from 4 to 17 residues are considered to be catalyzed by the similar transamidase, it will explain that each spacer makes unique conformation and thereby leads the v-residue to the binding pocket of GPI transamidase. Nevertheless, the length of the spacer sequence may influence efficiency of GPI modification by its positive or negative control. w x w x Recently, Gaa1p 31 and Gpi8p 32 , a part of the putative GPI transamidase of yeast, were reported, w x and GPI-deficient mutant cell lines were found 33 . Gpi8p shows significant homology to a novel family of vacuolar plant endopeptidases, one of which is supposed to catalyze a transamidation step in the maturation of concanavalin A. Formation of the acyl-enzyme intermediate was also monitored by w x using nucleophilic reagents 29 . Reconstitution of reaction system of GPI transamidation using combination of these mutants and site-directed mutagenesis of the C-terminal signal sequence, would promote to clarify the molecular mechanism of GPI modification.
